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Transcription factors required for formation of
embryonic tissues often maintain their expression
in adult stem cell populations, but whether their
function remains equivalent is not clear. Here we
demonstrate critical and distinct roles for Sall4 in
development of embryonic germ cells and differenti-
ation of postnatal spermatogonial progenitor cells
(SPCs). In differentiating SPCs, Sall4 levels tran-
siently increase and Sall4 physically interacts with
Plzf, a transcription factor exclusively required for
adult stem cell maintenance. Mechanistically, Sall4
sequesters Plzf to noncognate chromatin domains
to induce expression of Kit, a target of Plzf-mediated
repression required for differentiation. Plzf in turn
antagonizes Sall4 function by displacing Sall4 from
cognate chromatin to induce Sall1 expression. Taken
together, these data suggest that transcription
factors required for embryonic tissue development
postnatally take on distinct roles through interaction
with opposing factors, which hence define properties
of the adult stem cell compartment.
INTRODUCTION
The formation of distinct tissues in the developing embryo is
dependent on a hierarchy of developmental decisions. A critical
aspect of the formation of multiple tissues is the establishment of
an associated stem cell compartment that supports organ main-
tenance over the lifespan of the animal. It has been suggested
that tissue-specific stem cells in the adult maintain characteris-
tics of the embryonic rudiment that gave rise to the tissue during
development (Slack, 2008). Indeed, key transcription factors
necessary for formation of the embryonic tissue are often
expressed in the established adult stem cell pool and regulate
its activity (Slack, 2008). However, embryonic cells are by nature284 Cell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc.highly dynamic, contrasting with the more stable and long-lived
properties of adult stem cells. Thus it is unclear how embryonic
factors would operate in adult stem cell compartments.
In adult testis, there is a pool of germline stem/progenitor cells
that have self-renewal potential and continuously generate
differentiating daughter cells for the subsequent production of
haploid spermatozoa. In mice, this cell population is composed
of isolated As spermatogonia together with cysts of intercon-
nected Apr and Aal cells, collectively referred to as undifferenti-
ated spermatogonia or spermatogonial progenitor cells (SPCs)
(de Rooij and Russell, 2000; Hobbs et al., 2010; Seandel et al.,
2007). Traditionally, As cells were thought to form the stem cell
compartment while Apr and Aal represented committed, transit-
amplifying cells. However, recent studies indicate that stem
cell potential is retained by all SPCs (Simons and Clevers,
2011). Differentiation of SPCs is marked by induction of the
receptor tyrosine kinase c-Kit (Schrans-Stassen et al., 1999)
and the formation of A1 spermatogonia, which subsequently
undergo a series of rapid mitotic divisions prior to meiosis.
Specification of germ cell fate during mouse embryogenesis
initiates in the early postimplantation embryo with the formation
of primordial germ cells (PGCs) from the proximal epiblast (Hay-
ashi et al., 2007). PGCs subsequently migrate to the developing
gonad where they differentiate into gonocytes (Figure 1A).
Female gonocytes enter meiosis prior to birth, while male gono-
cytes undergo mitotic cell cycle arrest. During the first postnatal
week, male gonocytes resume proliferation and migrate from
the seminiferous tubule lumen to the basement membrane
where they directly generate both differentiating spermatogonia
for the first round of spermatogenesis plus a pool of cells with
SPC properties (Figure 1A) (Yoshida et al., 2006). Germline
stem cell activity is largely attained during this early period of
postnatal testis development (McLean et al., 2003; Shinohara
et al., 2001) and few functional differences exist between this
nascent SPC pool and that of the adult (Ebata et al., 2007).
SPC maintenance is dependent on their expression of the
POZ-Kru¨ppel family transcription factorPromyelocytic Leukemia
Zinc Finger (Plzf), because mice lacking Plzf show progressive
loss of these cells, resulting in sterility (Buaas et al., 2004; Cost-
oya et al., 2004). Importantly, formation of the germ cell
Figure 1. Characteristics of Sall4 Expression and Complex Formation in Germ Cells
(A) Scheme illustrating key stages of embryonic and postnatal germ cell development in the male. Vertical dashed line indicates point of birth, after which pools of
SPCs and differentiating spermatogonia (Dffn Spg) are formed from precursor gonocytes. Approximate embryonic (E) and postnatal (PN) days of the stages are
indicated. For details see main text.
(B) IHC of adult and juvenile (inset: 2 weeks postnatal) wild-type testes for Sall4. The associated seminiferous tubule stages in the adult are indicated. Scale bar
is 50 mm.
(C) Coimmunofluorescence staining of juvenile testis sections (2 weeks postnatal) for Plzf and Sall4. DNA is counterstained with DAPI (blue). Scale bar is 20 mm.
(D) Coimmunofluorescence staining of Plzf +/+ and Plzf –/– cultured SPC colonies for Plzf and Sall4. DNA is counterstained with DAPI (blue). Scale bar is 100 mm.
(E) Coimmunoprecipitation (IP) of endogenous Plzf and Sall4 in cultured SPCs. Negative control IP using Plzf –/– SPCs is indicated.
(F) Plzf +/+ and Plzf –/– SPC lines treated with Retinoic acid (RA) for 0 hr (starting point), 24 hr, and 48 hr, analyzed by western blot.
(G) A comparison of Sall4 protein levels in the indicated spermatogonial populations from juvenile (2 weeks postnatal) wild-type testis by intracellular staining and
flow cytometry analysis. Filled gray histogram profile indicates secondary antibody control.
See also Figure S1.
Cell Stem Cell
Plzf-Sall4 Functional Antagonism Stabilizes SPCs
Cell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc. 285
Cell Stem Cell
Plzf-Sall4 Functional Antagonism Stabilizes SPCscomponent of postnatal testis appears unaffected by Plzf loss
(Costoya et al., 2004), indicating that Plzf does not function in
the embryonic tissue but rather in the established SPCs. This
is consistent with the fact that Plzf expression is low during
embryonic germ cell development but is induced in the postnatal
testis (Costoya et al., 2004; Hobbs et al., 2010).
In this study we sought to identify factors critical for both
embryonic and postnatal germ cell function that would provide
the proposed embryonic features for SPCs. Plzf is excluded
in this context because its expression and role are largely
restricted to the postnatal SPC pool. One candidate was
Sall4, a member of the Spalt-like transcription factor family
that is expressed in multiple developing tissues during embryo-
genesis, including PGCs, but is largely restricted to the gonads
in adults (Durcova-Hills et al., 2008; Kohlhase et al., 2002).
Importantly, Sall4 has a well-characterized involvement in tran-
scription factor networks required for embryonic stem cell
(ESC) pluripotency (Lim et al., 2008), leading us to speculate
that Sall4 expression might provide embryonic characteristics
to SPCs.
The four homologous Spalt-like genes found in mammals
(SALL1 through SALL4) play diverse developmental roles (de
Celis and Barrio, 2009). Mutations in SALL1 andSALL4 are asso-
ciated with two human autosomal-dominant malformation
syndromes, Townes-Brocks syndrome (TBS) and Duane-radial
ray syndrome (DRRS) (also known asOkihiro syndrome), respec-
tively (Kohlhase, 2000; Kohlhase et al., 2005). A common feature
of TBS and DRRS is defects in limb patterning, a process in
which Plzf plays a key role (Barna et al., 2000). We therefore
considered that Sall4 might functionally interact with Plzf in order
to regulate SPC function.
SALL4 has recently been described as a diagnostic marker for
germ cell tumors (Cao et al., 2009), providing a link between
SALL4 and germ cell transformation, while PLZF can exert tumor
suppressive functions (He et al., 2000). We therefore hypothe-
sized that PLZF and SALL4 could antagonize each other in the
control of stem cell fate and tumorigenesis.
Here, we show that Sall4 has essential roles in the mainte-
nance of embryonic germ cells and the differentiation of SPCs
and that direct functional antagonism between Sall4 and Plzf
defines SPC properties.
RESULTS
Sall4 Is Expressed in SPCs and Physically
Associates with Plzf
To assess the potential role of Sall4 in SPC biology, we first
determined the expression pattern of Sall4 in the male germline.
Sall4 is known to be expressed by PGCs, as determined by
single-cell gene expression analysis (Durcova-Hills et al.,
2008), and by immunohistochemistry (IHC) of the early postnatal
testis we found Sall4 to be expressed in gonocytes within the
developing seminiferous tubules (Figure S1A available online).
In the prepubertal and adult testis, Sall4 was expressed in the
nuclei of spermatogonia lining the basement membrane of semi-
niferous tubules (Figure 1B). Sall4 was detected in spermato-
gonia at multiple stages of the cycling seminiferous tubules,
indicating that Sall4 was present in the SPC pool and/or
expressed at multiple steps of spermatogonial differentiation286 Cell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc.(Figure 1B and data not shown). Plzf is a prototypical marker
for SPCs (Hobbs et al., 2010) and we found that expression
patterns of Sall4 and Plzf overlapped extensively (Figures 1C
and S1B). Moreover, in multiple spermatogonia there was coloc-
alization of Plzf and Sall4 to nuclear foci associated with DAPI-
dense pericentric heterochromatin (Figure 1C). We concluded
that Sall4 is expressed by germ cells prior to formation of the
SPC pool and within the SPCs, and further, that the colocaliza-
tion of Sall4 with Plzf in heterochromatic foci implied a direct
functional interaction between these factors.
Given the colocalization of Sall4 with Plzf in subsets of sper-
matogonia, we assessed whether Sall4 and Plzf could physically
interact in germ cells. We took advantage of cultured lines of
wild-type and Plzf –/– SPCs (Hobbs et al., 2010), which were
confirmed to express Sall4 regardless of genotype (Figure 1D).
We could demonstrate by coimmunoprecipitation (co-IP) that
endogenous Plzf and Sall4 interacted in wild-type cells (Fig-
ure 1E). The interaction of Sall4 with Plzf suggested that these
factors might cooperate in regulating SPC function. However,
the dynamics of Sall4 expression upon SPC differentiation
were distinct compared to those of Plzf. Upon retinoic acid
(RA)-induced differentiation of cultured SPCs (Dann et al.,
2008), there was a transient upregulation of Sall4 in wild-type
and Plzf –/– cells while expression of Plzf in wild-type cells was
downregulated (Figure 1F). To confirm this result in vivo, we
immunostained fixed and permeabilized juvenile testis cells for
Plzf, c-Kit, and Sall4, and analyzed them by flow cytometry.
Plzf is a marker of SPCs but is also detected in cells at early
stages of spermatogonial differentiation that express c-Kit
(Hobbs et al., 2010). Sall4 protein was readily detectable in the
SPC fraction (Plzfpos c-Kitneg), but levels were increased in cells
initiating differentiation (Plzfpos c-Kitpos) andwere downregulated
at later differentiation stages (Plzflow c-Kitpos) (Figures 1G and
S1C). Therefore, the different expression dynamics of Sall4
and Plzf upon SPC differentiation suggested that they might
have distinct functions.
Sall4 and Plzf Mutually Antagonize Association with
Cognate Chromatin Domains
In order to define the functional consequences of Sall4-Plzf
interaction, we next determined the domains of Plzf and Sall4
that mediate their interaction. We performed co-IP analysis of
293HEK cells (which lack endogenous expression of either
protein) transfected with truncated PLZF constructs and
SALL4 protein isoforms (Figures 2A and 2B). PLZF contains an
amino terminal POZ domain required for homodimerization and
recruitment of corepressor complexes, a carboxy-terminal
DNA-binding domain composed of C2H2-type zinc fingers and
a hinge region separating these two domains (Melnick et al.,
2000) (Figure S2A). The interaction between PLZF and full-length
SALL4 was found to be dependent on the POZ domain. SALL4 is
expressed as at least two different isoforms, SALL4A and
SALL4B (Ma et al., 2006). The ‘‘A’’ isoform is the full-length
protein whereas ‘‘B’’ lacks central zinc finger domains (Fig-
ure S2B). SALL4A could efficiently co-IP with PLZF whereas
SALL4B could not, indicating that the interaction involves
those domains lacking in the B isoform. The isoform-specific
interaction of SALL4 with PLZF may be significant because
Sall4a and Sall4b can have distinct functional roles (Rao et al.,
Figure 2. Functional Interaction of Sall4 with Plzf
(A) Co-IP of transfected SALL4A isoform with the indicated Xpress-tagged PLZF constructs from 293HEK cells using antibody clone 13G10 to PLZF.
(B) Co-IP of transfected Xpress-tagged PLZF constructs with SALL4A and SALL4B isoforms from 293HEK cells using antibody to the SALL4 C terminus.
(C) TOP/FOP reporter luciferase assay of 293HEK cells transfected with the indicated constructs and left unstimulated or treated with recombinant Wnt3a. Mean
relative value is indicated ± standard deviation (SD).
(D) Colocalization immunofluorescence analysis of NIH/3T3 cells transfected with Xpress-tagged PLZF constructs plus SALL4 isoforms. Images of transfected
cell nuclei are shown counterstained with DAPI to show pericentric heterochromatic regions. PLZF plus DPOZ mutant were detected with aXpress antibody.
(E) Immunofluorescence of Plzf +/+ and Plzf –/– SPC lines for endogenous Sall4. Scale bar is 20 mm.
(F) Localization of PLZF-SALL4 complexes in NIH/3T3 cells transfected with differing relative amounts of the two constructs. Representative images of cells
transfected with a 3:1 ratio of PLZF to SALL4 (top panels) and with a 7:1 ratio of SALL4 to PLZF (bottom panels) are shown. Nuclei are counterstained with DAPI.
See also Figure S2.
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appears as an approximately 140 kDa band representing Sall4a
(Figure S2C).CGiven the ability of Plzf to interact with Sall4, we assessed
whether complex formation influenced Sall4 transcriptional
activity. SALL4 potentiates activity of the Wnt/b-Cateninell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc. 287
Figure 3. Stra8-Cre-Mediated Deletion of Sall4 in SPCs
(A) Hematoxylin and eosin stained sections from adult mice of the indicated genotypes (2 months old). Scale bar represents 50 mm.
(B) Representative IHC for Sall4 on testis sections from 2-month-old adult mice. Scale bar is 50 mm.
(C) Coimmunofluorescence staining of Sall4flox/flox Stra8-Cre+ adult testis sections (2 months old) for Plzf and Sall4. DNA is counterstained with DAPI (blue).
Plzf-positive cells that have lost Sall4 expression are indicated with asterisks. Scale bar is 20 mm.
(D) Details of Plzf and Sall4 localization in example cells from Sall4flox/flox Stra8-Cre+ testis sections stained as in (C). Upper and lower panels show cells that
retained or lost Sall4 expression, respectively.
(E) Coimmunofluorescence staining of testis sections from postnatal day (PND) 3 and 7 Sall4flox/flox Stra8-Cre+ mice for Plzf and Sall4. DNA is counterstained with
DAPI (blue). A group of Plzf-positive cells that have lost Sall4 expression in PND7 testis are indicated. Scale bar is 20 mm.
(F) Quantification of the percentage of Plzf-positive cells that coexpress Sall4 scored from sections of testis stained as in (C) and (E) of the indicated postnatal ages
(days/months). Genotypes: Control (Ctrl) mice, Sall4flox/flox Stra8-Cre– (neonates and juveniles); Sall4flox/+ Stra8-Cre+ (adults), cKO; Sall4flox/flox Stra8-Cre+. Three
mice were analyzed per genotype and time point. Numbers of Plzf-positive cells scored per mouse for the different postnatal ages: 3d > 60; 7d > 250; adults > 70.
Horizontal bars indicate mean percentages.
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PLZF on activation of a Wnt/b-Catenin reporter by SALL4.
SALL4 activated the TOP-Flash reporter in 293HEK cells in the
absence of exogenousWnt and greatly potentiated reporter acti-
vation when cells were stimulated with recombinant Wnt3a (Fig-
ure 2C).While expression of PLZF alone had negligible effects on
TOP-Flash activity (not shown), it greatly decreased the ability of
SALL4 to activate the reporter in the presence or absence of
Wnt. PLZF lacking the POZ domain had minimal effects on
SALL4 activity in this assay (Figure 2C); thus, PLZF is able to
oppose the transcriptional function of SALL4 via direct
interaction.
The mechanism by which PLZF regulates SALL4 activity was
revealed by analysis of subcellular localization patterns of exog-
enous proteins in transfected NIH/3T3 cells, which expresses
neither protein endogenously (Figure 2D and data not shown).
The ability of SALL4 to localize to pericentric heterochromatin,
likely through direct binding to nucleotide sequences in hetero-
chromatin, is implicated in its function (Sakaki-Yumoto et al.,
2006; Yamashita et al., 2007). PLZF is typically localized to
euchromatic regions and in nuclear speckles (Melnick et al.,
2000), while cytoplasmic PLZF has also been ascribed novel
functions or regulatory roles (Doulatov et al., 2009; Schefe
et al., 2006). Upon transfection of PLZF or SALL4 alone, we
confirmed that PLZF localized diffusely throughout the nucleus
and cytoplasm with some concentration in nuclear speckles
while SALL4A associated with DAPI-dense pericentric hetero-
chromatin (Figure 2D). Upon coexpression of SALL4 with
PLZF, the majority of SALL4 was found relocalized to PLZF-con-
taining nuclear speckles away from DAPI-bright regions (Fig-
ure 2D). The ability of PLZF to relocalize SALL4 from pericentric
heterochromatin was dependent on direct interaction, as PLZF
lacking the POZ domain was inactive in this respect and the
SALL4B isoform was largely resistant to PLZF-mediated relocal-
ization (Figure 2D). To further confirm these results, we analyzed
endogenous proteins in cultured SPC lines. In wild-type SPCs
Sall4 was diffusely nuclear with some concentration at DAPI-
bright heterochromatic regions. However, in Plzf –/– SPCs Sall4
was localized principally to the heterochromatin with less diffuse
nuclear stain (Figure 2E), confirming that Plzf can regulate Sall4
localization in SPCs. We conclude that PLZF opposes SALL4
function by preventing its association with cognate chromatin
domains.
Importantly, transfection of increasing amounts of SALL4A
into NIH/3T3 cells restored heterochromatic localization of the
protein and pulled exogenous PLZF into these same regions
(Figures 2F and S2D), indicating that, depending on relative
levels, SALL4 can direct PLZF localization. From IHC analysis
of wild-type adult testis, we noted that the subcellular distribu-
tion of Plzf varied in spermatogonia (Figure S2E). Punctate
nuclear Plzf was most apparent in those seminiferous tubule(G) Hematoxylin and eosin stained sections from aged adult mice (8 months old).
(H) Quantification of percentage of degenerating (Dgn) seminiferous tubules fr
indicated postnatal ages (months). As illustrated in (G), degenerating tubules that
Three mice were analyzed per genotype and time point. Over 80 tubule cross se
(I) Section of 8-month-old Sall4flox/flox Stra8-Cre+ adult testis stained as in (C). A d
negative cells (arrowheads), although Plzf-positive, Sall4-positive cells are still p
See also Figure S3.
Cstages where spermatogonia at early differentiation steps are
abundant, i.e., in stage IX tubules where formation of type A2
spermatogonia occurs by division of type A1 (de Rooij and
Russell, 2000), while other cells contained diffuse nuclear and
cytoplasmic localization patterns. Given that Sall4 expression
transiently increases upon SPC differentiation, we considered
that elevated Sall4 levels in SPCs initiating differentiation would
sequester Plzf to pericentric heterochromatin. This would act
to restrict access of Plzf to its cognate chromatin domains
and inhibit its function. Furthermore, in undifferentiated cells
Plzf would be dominant and inhibit the transcriptional func-
tion of Sall4 by preventing its association with pericentric
heterochromatin.
Conditional Deletion of Sall4 within the SPC Pool
Because the role of Sall4 in the male germline is undefined, we
developed Sall4 knockout mouse models to test our predictions
of Sall4-Plzf functional interaction in SPCs. Whole-body Sall4
deletion is embryonic lethal at peri-implantation stages (Sa-
kaki-Yumoto et al., 2006), precluding analysis of Sall4-deficient
germ cells. Consequently, we crossedmice carrying Sall4 floxed
alleles with mice expressing Cre recombinase from the Stra8
promoter. Stra8 is a germ-cell-specific and RA-responsive
gene required for meiotic initiation (Anderson et al., 2008).
However, proximal elements of the Stra8 promoter are active
in spermatogonia with stem cell activity from adult testis (Guan
et al., 2006). Stra8-Cre expression is restricted to the postnatal
male germline where it is detectable a few days after birth and
active in the majority of Plzf-positive spermatogonia (Sadate-
Ngatchou et al., 2008). Stra8-Cre would be expected to direct
floxed gene deletion within SPCs of prepubertal and adult testis.
Surprisingly, histological analyses of Sall4flox/flox Stra8-Cre+
adult testis (2 months postnatal) revealed no obvious phenotype
(Figure 3A), and while Sall4 expression was reduced, Sall4-posi-
tive spermatogonia were still present (Figures 3B and S3A).
AlthoughSall4 ablation was incomplete, we attempted to identify
cells where Sall4 had been successfully deleted. Plzf and Sall4
are coexpressed within spermatogonia of juvenile and adult
testis (see above); therefore Plzfpos Sall4neg cells should repre-
sent those spermatogonia where gene deletion had been
successful. By costaining sections of Sall4flox/flox Stra8-Cre+
testis for Plzf and Sall4, we identified Plzfpos Sall4neg cells (Fig-
ure 3C). Importantly, in Sall4-ablated cells Plzf had a diffuse
nuclear and cytoplasmic localization, whereas in cells that re-
tained Sall4, Plzf colocalized with Sall4 at DAPI-dense pericen-
tric heterochromatin foci (Figures 3D and S3B). These results
confirmed in vivo that the localization of Plzf to pericentric
heterochromatin in spermatogonia is dependent on Sall4.
Given the incomplete Sall4 deletion and apparent lack of
phenotype in young adults, we assessed the pattern of Stra8-
Cre expression by crossing Stra8-Cre mice with mice thatAsterisks indicate tubules showing germ cell loss. Scale bar represents 50 mm.
om Sall4flox/+ Stra8-Cre+ (Ctrl) and Sall4flox/flox Stra8-Cre+ (cKO) testis of the
show germ cell loss were scored from hematoxylin and eosin stained sections.
ctions were scored per mouse. Horizontal bars indicate mean values.
egenerating tubule is indicated (Dgn) that has accumulated Plzf-positive, Sall4-
resent (asterisk). Scale bar is 20 mm.
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Figure 4. Testis Phenotype of Sall4flox/flox Stra8-Cre+ Mice
(A) Representative flow cytometric analysis of fixed and permeabilized testis cells from juvenile mice of the indicated genotypes (2 weeks postnatal) for Plzf.
Percentages of cells contained within Plzf-positive gates are indicated.
(B) Analysis of c-Kit expression by Plzf-positive cell fraction from samples in (A). Gray filled histogram profile indicates isotype-stained control.
(C) Frequency of indicated cell fractions among total testis cells of Sall4flox/flox Stra8-Cre and Sall4flox/flox Stra8-Cre+ juvenile mice (2 weeks postnatal) as
determined by flow cytometry analysis. Mean values are shown ± SEM; three mice per genotype were analyzed.
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mediated deletion of an intervening bgeo cassette (Z/EG mice)
(Novak et al., 2000). Z/EG; Stra8-Cre adult testis showed wide-
spread EGFP expression within germ cells of the seminiferous
tubules (Figure S3C). EGFP-positive cells were detected shortly
after the initiation of spermatogenesis (4 days postnatal) and
became more widespread 1 week after birth (Figure S3D). Cos-
taining 1-week postnatal Z/EG; Stra8-Cre testis for Plzf demon-
strated that EGFP expression (Cre activity) was initiated within
a subset of Plzf-positive spermatogonia, although it was absent
from others (Figure S3E).
We next determined the time course and extent of Sall4
deletion in Sall4flox/flox Stra8-Cre+ testis. We scored Plzfpos
Sall4neg cells, representing Sall4-deleted spermatogonia, in
prepubertal and adult Sall4flox/flox Stra8-Cre+ testis. Essentially
all Plzfpos cells of testis during early postnatal development
(3 days postnatal) coexpressed Sall4 (Figures 3E and 3F). In
7 days postnatal testis, subsequent to formation of nascent
SPCs, a fraction of Plzfpos cells had lost Sall4 expression
(20%); this fraction of Sall4neg cells within the Plzfpos pool
increased significantly in young and older adults (to 30% and
40% at 2 and 8 months of age, respectively). Importantly,
essentially all Plzfpos spermatogonia from control mice coex-
pressed Sall4 at each time point (Figures 3F and S3F). Taken
together, these data indicate that Sall4 deletion in the Stra8-
Cremodel occurred, incompletely, within a subset of Plzfpos cells
and initiated within nascent SPCs.
Interestingly, testes from older Sall4flox/flox Stra8-Cre+ adults
(8 months postnatal) contained a significant number of degener-
ating tubules that had lost a substantial fraction of differentiating
and meiotic germ cells (Figures 3G and 3H), correlating with
a reduced testis mass compared to that of controls (Figure S3G).
The degenerating tubules were often found to contain a number
of Plzfpos Sall4neg cells (Figure 3I), suggesting that age-depen-
dent accumulation of Sall4-deleted cells was detrimental to
spermatogenesis.
Essential Role for Sall4 in SPC Differentiation
Although the Sall4flox/flox Stra8-Cre+ testis phenotype appeared
to be mild and Sall4 deletion incompletely penetrant, Sall4-
deleted spermatogonia could be detected. Therefore, we as-
sessed SPC status in juvenile Sall4flox/flox Stra8-Cre+ animals
(2 weeks postnatal) by staining fixed and permeabilized testis
cells for Plzf plus c-Kit and analyzing by flow cytometry (Figures(D) Representative flow cytometric analysis of Sall4 expression by Plzf-positive, c
old mice of the indicated genotypes. Percentage of cells contained within respe
(E) Summary graph of percentage of Sall4-positive cells contained within the indi
indicates mean value. Three mice per genotype were analyzed.
(F) Representative flow cytometric analysis of EGFP expression by Plzf-posit
a 2-week-old Z/EG; Stra8-Cre+ mouse. EGFP was detected with anti-GFP antibo
fluorescence. EGFP-negative cells were gated according to autofluorescence lev
cells contained within respective gates is indicated.
(G) Summary graph of percentage of EGFP-negative cells contained within the P
from flow cytometric analysis as in (F). Horizontal bar indicates mean value (n =
(H) Representative TUNEL analysis of testis sections from 2-week-old mice. M
included in table below ± SEM; four mice were analyzed per genotype. Sall4flox/flox
tubules compared with Sall4flox/flox Stra8-Cre– control testis (p < 0.02). Scale bar
(I) Expected (E) and observed (O) genotype of Sall4 allele inherited in offspring sir
type females. Two independent males of each genotype were used for breeding
C4A and 4B). Importantly, within the Plzf-expressing pool from
Sall4flox/floxStra8-Cre+ testis, therewas a decrease in the fraction
of cells positive for the differentiation marker c-Kit (Figure 4B),
correlating with a relative enrichment of the Plzfpos c-Kitneg SPC
fraction compared with controls (Figure 4C). This phenotype is
opposite to that of Plzf –/– testis, which has a relative depletion
of SPCs (Hobbs et al., 2010), suggesting that Sall4 and Plzf can
have antagonistic activities in regulating SPC function.
To determine the efficiency of Sall4 ablation in the SPC pool
and its functional outcome, we stained fixed and permeabilized
juvenile testis cells for Plzf, c-Kit, and Sall4 and performed flow
cytometry analysis (Figures 4D and 4E). In controls, essentially
all SPCs (Plzfpos c-Kitneg) and cells initiating differentiation
(Plzfpos c-Kitpos) expressed Sall4. Notably, while 30% of the
SPCs from Sall4flox/flox Stra8-Cre+ testis had lost Sall4 expres-
sion, only 5% of cells initiating differentiation were Sall4 nega-
tive. This result was unexpected given the efficiency of Sall4
depletion in SPCs and suggested that Sall4 loss is tolerated in
a subset of SPCs but is incompatible with SPC differentiation.
As a control, we assessed Stra8-Cre expression within the
Plzfpos c-Kitneg and Plzfpos c-Kitpos fractions by flow cytometric
analysis of juvenile Z/EG; Stra8-Cre testis (Figures 4F and 4G).
The Plzfpos c-Kitneg population contained EGFPpos and EGFPneg
cells, demonstrating that Cre was expressed in a subset of
SPCs. However, essentially all Plzfpos c-Kitpos cells were
EGFPpos, indicating that Cre expression was preferentially acti-
vated in cells initiating differentiation and/or those SPCs primed
for differentiation-expressed Stra8-Cre. This is consistent with
the role of Stra8 in germ cell maturation (Anderson et al., 2008)
and in starkcontrastwith theobservation that very fewcellswithin
the Plzfpos c-Kitpos fraction of Sall4flox/flox Stra8-Cre+ testis
deleted Sall4. Indeed, increased numbers of tubules from Sal-
l4flox/flox Stra8-Cre+ testis contained TUNEL-positive apoptotic
cells compared with those of controls (Figure 4H), suggesting
that Sall4 ablation in differentiating SPCs compromised cell
survival.
Given that Sall4flox/flox Stra8-Cre+ adult testis (2 months old)
contained apparently normal populations of mature germ cells,
we postulated that incomplete Sall4 gene ablation was selected
for in differentiating germ cells of Sall4flox/flox Stra8-Cre+ testis.
To confirm this, we bred Sall4flox/flox Stra8-Cre+ and control
Sall4flox/+ Stra8-Cre+males with wild-type females and assessed
litter genotypes; the inheritance frequency of wild-type, floxed,
and deleted Sall4 alleles indicated Sall4 status in mature-Kit-negative and Plzf-positive, c-Kit-positive testis cell fractions from 2-week-
ctive gates is indicated.
cated testis cell fractions from flow cytometric analysis as in (D). Horizontal bar
ive, c-Kit-negative and Plzf-positive, c-Kit-positive testis cell fractions from
dy because the fixation and permeabilization treatment disrupts inherent EGFP
els of Plzf-positive cells from a wild-type littermate mouse (WT). Percentage of
lzf-positive, c-Kit-negative and Plzf-positive, c-Kit-positive testis cell fractions
3).
ean percentage of tubule cross-sections containing TUNEL-positive cells is
Stra8-Cre+ testis sections contain an increased percentage of TUNEL-positive
is 50 mm.
ed from Sall4flox/+ Stra8-Cre+ and Sall4flox/flox Stra8-Cre+ males bred with wild-
purposes. Over 60 offspring were genotyped per paternal genotype.
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mediated gene recombination in the germline (the reported
efficiency is >95%; Sadate-Ngatchou et al., 2008), we expected
that offspring sired from Sall4flox/+ Stra8-Cre+ and Sall4flox/flox
Stra8-Cre+ males would inherit a deleted Sall4 allele at frequen-
cies of 50% and 100%, respectively. The average size of litters
sired from Sall4flox/flox Stra8-Cre+ males was lower, although
not significantly so, than those from Sall4flox/+ Stra8-Cre+ males
(not shown). However, the inheritance frequency of a deleted
Sall4 allele was 30% regardless of paternal genotype. This
inheritance frequency is largely comparable to the expected
frequency in offspring from Sall4flox/+ Stra8-Cre+ males, but is
substantially lower than that from Sall4flox/flox Stra8-Cre+ males;
remaining offspring in this case inherited an intact floxed Sall4
allele. From this, together with previous results, we concluded
that successful differentiation of germ cells in Sall4flox/flox
Stra8-Cre+ testis requires retention of an intact Sall4 allele.
This contrasts with the Plzf–/– testis phenotype, in which SPCs
seemingly have an enhanced tendency to differentiate and the
process of spermatogenesis itself is largely unaffected (Costoya
et al., 2004; Hobbs et al., 2010).
Sall4 Is Required for Embryonic Germ Cell Maintenance
Postnatal deletion of Sall4 within SPCs and differentiating
spermatogonia by Stra8-Cre revealed a role for Sall4 in SPC
differentiation. Given that Sall4 is also expressed in PGCs and
gonocytes (see above), we next assessed the role of Sall4 in
embryonic germ cells, through use of a Vasa-Cre transgenic
model. Cre driven from the Vasa promoter becomes active in
germ cells from embryonic day 15 (Gallardo et al., 2007), thereby
directing floxed gene deletion within gonocytes.
Testes of Sall4flox/D Vasa-Cre+ adult mice were strikingly
smaller than those from controls (Figure 5A). Histological anal-
ysis of juvenile (2 weeks postnatal) and adult testis revealed
seminiferous tubules apparently devoid of germ cells and con-
taining only Sertoli cells (Figure 5B and data not shown).
However, immunostaining for the germ cell marker Vasa
revealed that 50% and 30% of the seminiferous tubule
cross-sections of Sall4flox/D Vasa-Cre+ juvenile and adult testis,
respectively, contained germ cells adjacent to the basement
membrane resembling spermatogonia (Figures 5B, S4A, and
S4B). Analysis of Sall4flox/D Vasa-Cre+ testis at postnatal days
1 and 4 demonstrated that numbers of Vasapos gonocytes and
nascent spermatogonia, respectively, were substantially
reduced compared to those of controls (Figures 5C and 5D).
Importantly, no Sall4pos cells were found in Sall4flox/D Vasa-
Cre+ testis from neonates or older mice, confirming successful
Sall4 deletion (Figures 5E and S4C). These data indicate that
Sall4 ablation during embryonic germ cell development causes
a severe reduction in gonocyte numbers, resulting in many aga-
metic seminiferous tubules in postnatal animals. Furthermore, as
evidenced by the lack of multiple stages of differentiating germ
cells in juvenile and adult testis, these data indicate that the
residual germ cells are unable to contribute to spermatogenesis.
The remaining germ cells of Sall4flox/D Vasa-Cre+ postnatal
testis were found to express Plzf (Figure 5E) although the mean
number of Plzfpos cells per tubule cross section was significantly
reduced compared with that of controls due to the absence of
germ cells in many tubules (Figure 5F). Importantly, the hetero-292 Cell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc.chromatic nuclear foci of Plzf found in wild-type spermatogonia
were not present in the germ cells of Sall4flox/D Vasa-Cre+ testis
(Figure 5E), confirming that localization of Plzf to pericentric
heterochromatin in spermatogonia is Sall4 dependent. Interest-
ingly, Sall4flox/D Vasa-Cre+ testis contained Ki67pos spermato-
gonia, suggesting that these germ cells were mitotically active
(not shown). Costaining for Plzf and the mitotic marker phos-
pho-Histone H3 demonstrated that Sall4flox/D Vasa-Cre+ testis
contained a comparable fraction of proliferating Plzfpos cells
compared with controls (Figures 5G and S4D). Because
TUNEL-positive apoptotic cells were found within the Sall4flox/D
Vasa-Cre+ tubules (Figure S4E), we concluded that the prolifer-
ating Plzfpos germ cells did not accumulate due to associated
apoptosis.
These data suggested that Sall4flox/D Vasa-Cre+ testis con-
tained a reduced population of Plzfpos SPCs that proliferate but
are unable to differentiate. Analysis of Sall4flox/D Vasa-Cre+ juve-
nile testis by flow cytometry revealed that the Plzfpos population
was almost entirely c-Kitneg, contrasting with control Cre– testis
(Figures 5H and S4F). This observed block in differentiation of
residual germ cells in Sall4flox/D Vasa-Cre+ testis mirrors the
phenotype of Sall4flox/flox Stra8-Cre+ mice.
Expression of the Differentiation Marker c-Kit
Requires Sall4
Having established that Plzf and Sall4 can have directly
opposing roles in regulating SPC function, we attempted to
define the relevant target genes coregulated by these transcrip-
tion factors in SPCs. Identification of Sall4 target genes was
complicated by the fact that Sall4-depleted germ cells were diffi-
cult to obtain from our conditional knockout models; the Vasa-
Cre model has few remaining germ cells, while Sall4 deletion in
the Stra8-Cre model was relatively inefficient. We therefore
took advantage of the fact that Sall4 is haploinsufficient with re-
gards to many of its functions (Sakaki-Yumoto et al., 2006), and
generated duplicate cultured lines of Sall4+/– and control Sall4+/+
SPCs from offspring of Sall4flox/+ Stra8-Cre+ males andwild-type
females.We confirmed thatSall4+/– cultured SPCs had appropri-
ately reduced levels of Sall4 compared with the wild-types while
Plzf expression was essentially equivalent (Figures 6A and 6B).
Because Sall4 is required for SPC differentiation, we analyzed
these cells for expression of genes known to be involved in sper-
matogonial differentiation (Figure 6B). Strikingly, in Sall4+/– cells
compared with controls, we noted reduced expression of c-Kit
mRNA, a cell surface receptor essential for the proliferation
and survival of differentiating spermatogonia whose expression
is directly repressed by Plzf (Filipponi et al., 2007; Mithraprabhu
and Loveland, 2009). SPC cultures are known to be slightly
heterogeneous in nature and to contain a population of differen-
tiating cells that express c-Kit (Dann et al., 2008). Thus, the
decreased expression of Kit in Sall4+/– cells could be due to
the presence of fewer differentiating cells. However, expression
of Sohlh2, an independent marker of differentiating spermato-
gonia (Toyoda et al., 2009), was not significantly altered between
Sall4+/– and wild-type cells (Figure 6B). Furthermore, we
confirmed that the percentage of cells positive for c-Kit was
lower in Sall4+/– cultures than wild-type controls, while expres-
sion of Thy-1 and b1-integrin, cell surface markers associated
with SPCs (Hobbs et al., 2010), was not significantly changed
Figure 5. Testis Phenotype of Sall4flox/D Vasa-Cre+ Mice
(A) Representative images of testis (arrowheads) and associated epididymis from 2-month-old adult littermate mice of the indicated genotypes.
(B) Hematoxylin and eosin stained sections from adult mice (2 months old). Detail of IHC staining for the germ cell maker Vasa is also shown at higher magni-
fication (inset). Scale bar represents 50 mm.
(C) Representative IHC analysis for the germ cell marker Vasa on sections of testis harvested from mice on the day of birth (postnatal day 1). Scale bar
represents 50 mm.
(D) Testis sections from Control (Sall4flox/+ Vasa-Cre+; Ctrl) and conditional knockout (Sall4flox/D Vasa-Cre+; cKO) mice of postnatal day (PND) 1 and 4 were
subjected to IHC for Vasa as in (C). Graph indicates mean numbers of Vasa-positive cells per tubule ± SEM; >70 tubule cross-sections were analyzed from
duplicate mice for each genotype and age.
(E) Coimmunofluorescence staining of juvenile testis sections (2 weeks postnatal) for Plzf (green) and Sall4 (red). DNA is counterstained with DAPI (blue). Insets
show the detail of Plzf localization and Sall4 status in individual representative cells at higher magnification. Asterisks indicate tubules from conditional knockout
testis that lack Plzf-positive germ cells. Scale bar is 20 mm.
(F) Testis sections from 2-week- or 2-month-old control (Ctrl; Sall4flox/+ Vasa-Cre+) and conditional knockout (cKO; Sall4flox/D Vasa-Cre+) mice were subjected to
IHC for Plzf. Graph indicatesmean numbers of Plzf-positive cells per tubule cross-section ± SEM. Duplicatemicewere analyzed for each genotype and age. >100
(juveniles) or >40 (adults) tubule cross-sections were scored per mouse.
(G) Coimmunofluorescence staining of juvenile testis sections (2 weeks postnatal) for Plzf (green) and Phospho-Histone H3 (P-H3) (red). DNA is counterstained
with DAPI (blue). Arrowheads indicate mitotic Plzf-positive cells that costain for P-H3. Scale bar is 20 mm.
(H) Flow cytometry analysis of testis cells from 2 weeks postnatal mice of the indicated Vasa-Cre genotypes. Cells were fixed, permeabilized, and stained for
Sall4, Plzf, and c-Kit. The Plzf-positive cell fraction is shown. Percentage of cells contained within respective gates is indicated.
See also Figure S4.
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Figure 6. Antagonistic Coregulation of Kit and Sall1 Expression in SPCs by Sall4 and Plzf
(A) Western blot analysis of duplicate, independently derived cultured lines of SPCs of the indicated Sall4 genotypes.
(B) Gene expression analysis of SPC lines from (A) by quantitative RT-PCR. Mean mRNA levels of the indicated genes are normalized to those of b-actin and
corrected so mRNA levels in the first wild-type cell line are equal to one. Standard deviations from duplicate reactions are shown.
(C) Percentage of c-Kit-positive cells within SPC cultures of the indicated genotypes treated with vehicle or 106M all-trans retinoic acid (RA) for 48 hr. c-Kit-
positive cells were identified by flow cytometry. Bar chart shows mean values from duplicate SPC lines ± SEM (*p < 0.05).
(D) Representative flow cytometry analysis of testis cells from 2weeks postnatal Sall4flox/flox Stra8-Cre+ mice treated for 24 hr with vehicle or RA. Cells were fixed,
permeabilized, and stained for Sall4, Plzf, and c-Kit. The Plzf-positive cell fraction is shown. Percentage of cells contained within respective gates is indicated.
(E) Analysis of Sall1 mRNA expression in cultured SPC lines of the indicated genotypes by quantitative RT-PCR. Mean mRNA levels are normalized to those of
b-actin and corrected so mRNA levels in the first wild-type cell line are equal to one. Standard deviations from duplicate reactions are shown.
(F) IHC of 2 weeks postnatal Plzf +/+ and Plzf –/– littermate testis for Sall1. Scale bar is 50 mm.
(G) Quantitative RT-PCR analysis of Sall1mRNA expression in distinct spermatogonial populations from testis of 2 weeks postnatal Plzf+/+ and Plzf –/– littermate
mice. MeanmRNA levels are normalized to those of b-actin and corrected so mRNA levels present in unsorted wild-type testis cells are equal to one (not shown).
Standard deviations from duplicate reactions are indicated.
(H) IHC of wild-type testis of the indicated postnatal ages (days) for Sall1. Arrowheads indicate gonocytes present in immediately postnatal testis that express low
levels of Sall1. Scale bar is 50 mm.
See also Figure S5.
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SPCs had a specific reduction in c-Kit expression and suggested
that in SPCs, Sall4 and Plzf would antagonistically coregulate
Kit, a critical element of the differentiation program.
Our model of Sall4-Plzf functional interaction in SPCs sug-
gested that upon reduction of Sall4 levels, the ability of Plzf to
repress expression of Kit would be enhanced. While Plzf
represses expression of Kit in spermatogonia, Kit is induced by
treatment with RA, a positive regulator of spermatogonial differ-
entiation (Dann et al., 2008; Pellegrini et al., 2008). Because the
ability of Plzf to directly repress RA-responsiveHox genes during
limb development is counteracted by RA signaling (Barna et al.,
2002), we speculated that RA treatment would rescue defects in
Kit expression observed upon reduction in Sall4 levels. To test
this, cultured wild-type and Sall4+/– SPCs were treated with
vehicle or RA for 48 hr and the fraction of cells expressing
c-Kit was analyzed by flow cytometry (Figure 6C). While
vehicle-treated Sall4+/– SPCs contained significantly fewer
c-Kit-positive cells than vehicle-treated wild-type cells, addition
of RA dramatically increased the fraction of c-Kit-positive cells
irrespective of cell genotype. This suggested that RA overrides
the negative effects of Sall4 haploinsufficiency on c-Kit expres-
sion in SPCs. We next attempted to rescue in vivo the ability of
Sall4-ablated spermatogonia from Sall4flox/flox Stra8-Cre+ testis
to activate c-Kit expression. As expected, treatment of
Sall4flox/flox Cre– control mice with RA for 24 hr and subsequent
analysis of testis cells by flow cytometry demonstrated a
substantial increase in the proportion of Plzfpos cells that express
c-Kit compared with vehicle-treated controls (Figures S5B and
S5C). Importantly, RA treatment of Sall4flox/flox Cre+ mice
resulted in a comparable induction of c-Kit within the Plzfpos
Sall4neg fraction, hence rescuing the differentiation ability of
Sall4-deleted cells (Figures 6D and S5C). Therefore, Sall4
appears essential for activation of c-Kit expression in differenti-
ating SPCs, an effect we propose is due, at least in part, to its
ability to block the repressive effect of Plzf. However, treatment
with exogenous RA can overcome the requirement of Sall4 for
c-Kit expression, consistent with the ability of RA signaling to
counteract repressive activities of Plzf on RA-responsive genes
in other cell types. Note that while Sall4+/– SPCs display reduced
Kit expression in vitro in the absence of RA stimulation, Sall4+/–
testis did not display gross defects in spermatogenesis (Fig-
ure S5D). Therefore, in vivo endogenous RA levels can be
sufficient to overcome the detrimental effects of Sall4 haploin-
sufficiency on Kit expression.
Sall4 and Plzf Antagonistically Coregulate the
Progenitor Cell Gene Sall1
Sall4 can sequester Plzf to noncognate chromatin domains and
affect expression of the Plzf target gene Kit. However, our data
indicates that depending on the relative levels of the two
proteins, Plzf can displace Sall4 from its cognate chromatin.
Therefore we sought to determine if expression of known Sall4
target genes was disrupted upon ablation of Plzf in SPCs. It
has recently become apparent that Sall4 directly inhibits expres-
sion of other Sall family genes, in particular Sall1 (Lu et al., 2009).
Importantly, Sall1 mRNA levels were consistently elevated in
cultured Sall4+/– SPCs compared with controls, confirming that
Sall1 can be a target of Sall4 (Figure 6E). Strikingly, we foundCby IHC analysis that Sall1 was restricted to a subset of spermato-
gonia in wild-type juvenile testis but was essentially absent from
littermate Plzf –/– testis (Figure 6F). We subsequently analyzed
expression of Sall1 by quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) in cell fractions isolated from
wild-type and Plzf –/– testis (Figure 6G) (Hobbs et al., 2010).
Sall1 expression in wild-type testis was specifically enriched
within the SPC pool compared with differentiating spermato-
gonia, while in Plzf –/– testis, Sall1 expression in the SPC fraction
was significantly lower than that of the wild-type. These data
demonstrate that in the absence of Plzf, the Sall4 target gene
Sall1 is aberrantly repressed, potentially due to unrestricted
activity of Sall4. Interestingly, Sall1 is essential for renal stem/
progenitor cell function (Osafune et al., 2006); therefore, its
decreased expression in Plzf –/– testis could participate in defec-
tive SPC maintenance. Furthermore, when analyzing Sall1
expression by IHC in developing postnatal testis, we noticed
that Sall1 was almost undetectable in gonocytes at the first
postnatal day but was readily expressed in a subset of sper-
matogonia in 7 days postnatal mice (Figure 6H). Thus, Sall1
expression follows Plzf induction and formation of the nascent
SPC pool in postnatal testis.
DISCUSSION
Based on our data we propose a newmodel for the development
of a stable SPC compartment from embryonic progenitor cells
(Figure 7). This model is dependent on our observations that
Sall4 and Plzf physically interact and mutually oppose one
another’s localization to cognate chromatin domains—the domi-
nance of one factor over the other dictated by their relative
expression levels. Sall4 is expressed both in embryonic germ
cells (PGCs and gonocytes) and in SPCs, while Sall4 deletion
at distinct stages of germ cell development uncovers critical
roles in maintenance of embryonic germ cells and subsequent
differentiation of SPCs. Thus Sall4 satisfies the criteria of an
embryonic factor required for development of the tissue embry-
onic rudiment that is also important in regulation of the tissue-
specific stem cell compartment (Slack, 2008). In contrast, Plzf
expression is low during embryonic germ cell development
and peaks in postnatal testis, where it is expressed predomi-
nantly by SPCs and required for their maintenance. Therefore,
while at embryonic germ cell stages Sall4 activity is unopposed
by Plzf, in the postnatal testis Plzf is induced to restrict activity of
this embryonic factor. This allows expression of Sall1, a gene
repressed by Sall4 that in the germline is specific to SPCs.
Upon induction of SPC differentiation, Sall4 levels increase
and sequester Plzf to pericentric heterochromatin, an effect
linked to expression of the differentiation marker Kit, a target of
Plzf-mediated transcriptional repression. Sall4 deletion in SPCs
would be expected to result in overactivity of Plzf and a corre-
sponding inability of cells to activate Kit expression and differen-
tiate. Conversely, the loss of Plzf would result in overactivity of
Sall4 in SPCs, mimicking the increase in Sall4 levels observed
upon induction of SPC differentiation and potentially enhancing
the tendency of the cells to differentiate. Given that signaling
by c-Kit is essential for the maintenance and function of embry-
onic germ cells (Mithraprabhu and Loveland, 2009), the link
we have established between Sall4 and Kit expression is ofell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc. 295
Figure 7. Model for the Role of Sall4 and Plzf in
Formation of a Stable SPC Pool
Diagram indicates proposed model for establishing and
maintaining the SPC state by the relative levels and direct
functional interaction of Sall4 and Plzf. Text indicates the
distinct functions of Sall4 in embryonic versus postnatal/
adult germ cells determined in this study. The induction of
Sall1 and Kit in SPCs and differentiating (Dffn) SPCs
through Sall4 and Plzf interactions, respectively, are
shown. Sall4 may also potentially contribute to regulation
of Kit expression at embryonic germ cell stages (dashed
line + arrow). See main text for details.
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Kit or its ligand Scf display a strikingly similar testis phenotype to
that of Sall4flox/D Vasa-Cre+ animals: a reduction in gonocyte
populations leading to agametic seminiferous tubules and
a residual SPC pool able to proliferate but unable to differentiate
(Ohta et al., 2003).
It is important to note that the effects of Sall4 on transcription
of Plzf target genes are specific because expression of Redd1,
a gene activated by Plzf in SPCs that restricts activation of the
mTORC1 signaling pathway (Hobbs et al., 2010), is unaltered
in cultured Sall4+/– SPCs compared with controls (not shown).
This may provide additional control toward SPC maintenance,
as overexpression of Sall4 may not suffice to induce commit-
ment if not accompanied by concomitant Plzf downregulation.
Our discovery that Plzf and Sall4 can have directly opposing
activities has important implications for physiological and path-
ological processes outside the germ cell system. SALL4 muta-
tions are responsible for the autosomal-dominant disease
DRRS (Kohlhase et al., 2005), a condition characterized by
multiple developmental problems including defects in limb
patterning. Indeed, Sall family genes have emerged as critical
regulators of limb development (Kawakami et al., 2009). Impor-
tantly, loss of Plzf results in defects in patterning of limb skeletal
structures (Barna et al., 2000), providing support for the potential
importance of Plzf-Sall4 crosstalk in limb development. Given
the ability of PLZF to physically interact with other SALL family
members including SALL1 (not shown), our results provide
a basis for investigation of functional interactions between Plzf
and multiple Sall family members in limb patterning.
Finally, SALL4 has been ascribed a proto-oncogenic function
in hematological malignancies (Ma et al., 2006), a tissue where
PLZF plays important tumor-suppressive functions (He et al.,
2000). Thus the functional interaction between Plzf and Sall4
can be expected to be relevant in limb development as well
as cellular transformation and cancer pathogenesis.EXPERIMENTAL PROCEDURES
Mouse Maintenance and Treatment
The generation of mice carrying floxed alleles of Sall4 is previously described
(Sakaki-Yumoto et al., 2006; Yuri et al., 2009). Vasa-Cre and Stra8-Cre trans-296 Cell Stem Cell 10, 284–298, March 2, 2012 ª2012 Elsevier Inc.genic mice were obtained from Jackson Laboratories.
Plzf –/– mice are previously described (Barna et al.,
2000). For all-trans RA treatment, 2-week-old juvenile
mice were injected subcutaneously with 350 mg of RA
(Sigma) as described (Zhou et al., 2008) and harvested24 hr later. Wild-type C57Bl6 females were used in breeding pairs to assess
Sall4 allele status in gametes. Detailed breeding strategies are described in
the Supplemental Experimental Procedures.
Antibody Generation
Monoclonal anti-Plzf antibody was raised in Armenian hamster against a
pool of Keyhole Limpet Hemocyanin (KLH)-conjugated peptides at the
Memorial Sloan-Kettering Cancer Center (MSKCC) antibody facility.
Clone 9E12 has been previously described (Hobbs et al., 2010). Clone
13G10 reacts to a peptide within the hinge domain of mouse Plzf
(EKHLGIYSVLPNHKADAVLS).
Flow Cytometry
The preparation of testis cell suspensions and cultured SPCs for flow
cytometry analysis was performed as described (Hobbs et al., 2010). For
analysis of intracellular proteins, cell suspensions were fixed with Cytofix
buffer and permeabilized with Phosflow Perm buffer III according to manu-
facturer’s suggestions (BD Biosciences). Fixed and permeabilized cells
were washed twice in phosphate buffered saline (PBS) containing 2% fetal
bovine serum (FBS) prior to staining. For a detailed description of flow
cytometry analysis and antibodies used, refer to the Supplemental Experi-
mental Procedures.
IHC and Immunofluorescence
Tissue and cultured cells were processed for IHC and immunofluorescence
analysis essentially as described (Costoya et al., 2004; Hobbs et al., 2010).
Please refer to the Supplemental Experimental Procedures for detailed
methods and antibodies used.
Cell Culture
SPCs were cultured on mouse embryonic fibroblast (MEF) feeder cells as
described (Hobbs et al., 2010; Seandel et al., 2007). For initiation of wild-
type and Sall4+/– SPC cultures, av-integrinneg, CD45neg, c-Kitneg, and Thy-
1low testis cells from juvenile mice (10 to 14 days postnatal) were flow sorted
and plated onto MEF feeders as described (Hobbs et al., 2010). Induction of
SPC differentiation was by treatment with 1 mM all-trans RA (Sigma) in
DMSO. 293HEK and NIH/3T3 cells were cultured in DMEM + 10% FBS and
transfected using Lipofectamine 2,000 (Invitrogen) according to the manufac-
turer’s instructions.
Co-IP and Western blot
Transfection and lysis of 293HEK cells for co-IP and western blot analysis of
exogenous protein complexes was performed essentially as described (Cost-
oya et al., 2008). Cultured SPCs were gently washed from MEF feeders and
processed for western blotting as described (Hobbs et al., 2010). For more
detailed methods and antibodies used, please refer to the Supplemental
Experimental Procedures.
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SALL4A, SALL4B, and Xpress-tagged (Xp)-PLZF expression constructs have
been previously described (Costoya et al., 2008; Ma et al., 2006). Domain dele-
tion mutants of PLZF were generated by standard PCR methods using High
fidelity Platinum PCR Supermix (Invitrogen) with full-length PLZF cDNA as
template. PCR-generated fragments were cloned into the pcDNA3.1HisC
vector (Invitrogen) to obtain an amino-terminal Xp tag. Accuracy of constructs
was confirmed by sequencing.
Luciferase Assays
293HEK cells were transfected with firefly luciferase reporter plasmid and
control TK-Renilla luciferase together with PLZF and SALL4 expression
constructs. Luciferase reporters TOP-Flash and control FOP-Flash are
described elsewhere (Veeman et al., 2003). Cells were stimulated 24 hr post-
transfection with 100 ng/ml recombinant Wnt3a (R&D Systems) for 12 hr. Cells
were processed using a Dual-Luciferase Reporter Assay System (Promega)
and reactions were read on a luminometer (Turner Designs). Reporter firefly
luciferase values were normalized to those of the control Renilla to control
for transfection efficiencies.
qRT-PCR
Cultured SPCs were gently washed off MEF feeders and RNA was harvested
using Trizol reagent (Invitrogen). A First strand synthesis kit (USB corporation)
was used for subsequent cDNA synthesis. For quantitative PCR reactions,
a QuantiTect SYBR Green PCR kit (QIAGEN) was used together with primers
previously described (Hobbs et al., 2010; Payne et al., 2010) or obtained from
the Harvard PCR Primer Bank (http://pga.mgh.harvard.edu/primerbank/).
Real-time PCR reactions were run on a Light Cycler (Roche).
Statistical Analysis
Assessment of statistical significance was performed with a standard two-
tailed t test. Associated p values are indicated as follows: *p < 0.05; **p <
0.01; ***p < 0.001; not significant (ns) p > 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information for this article includes Figures S1–S5 and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.stem.2012.02.004.
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